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We experimentally investigate spin-polarized electron transport between two ferromagnetic con¬ 
tacts, placed at the edge of a two-dimensional electron system with band inversion. The system 
is realized in a narrow (8 nm) HgTe quantum well, the ferromagnetic side contacts are formed 
from a pre-magnetized permalloy film. In zero magnetic field, we find a significant edge current 
contribution to the transport between two ferromagnetic contacts. We experimentally demonstrate 
that this transport is sensitive to the mutual orientation of the magnetization directions of two 
200 /rm-spaced ferromagnetic leads. This is a direct experimental evidence on the spin-coherent 
edge transport over the macroscopic distances. Thus, the spin is extremely robust at the edge of a 
two-dimensional electron system with band inversion, confirming the helical spin-resolved nature of 
edge currents. 

PACS numbers: 73.40.Qv 71.30.-|-h 


Recently, there is a strong interest in two-dimensional 
semiconductor systems with band inversion, like narrow 
HgTe quantum wells. This interest is mostly connected 
with the quantum spin-Hall effect (QSHE) regimei*^ in 
zero magnetic held. Similarly to the conventional quan¬ 
tum Hall (QH) effect in high magnetic helds^, QSHE 
is characterized^ by edge state transport. In contrast 
to the chiral^ transport in the QH regime, these QSHE 
edge states are helical, i.e. two spin-resolved edge states 
are counter-propagating at a particular sample edge^“— . 
Experimental investigation of helical edge states is based 
on the charge transport along the sample edge, which has 
been detected in local and non-local resistance measure- 
mentsii^i^i^ and by a direct visualization technique^^. 

The helical edge transport has to be essentially spin- 
dependent. Two spin-resolved counter-propagating edge 
states are supposed to be responsible for the topologi¬ 
cal protection, which is a key feature of a topological 
isolator regimei^^— Some signature of the spin transport 
in QSHE edge states was demonstrated by means of 
metallic spin Hall transport in nanoscale structures'^. 
On the other hand, spin effects are suppose d^^d^ to be 
mostly prominent for the semiconductor-ferromagnet hy¬ 
brid structures, where the ferromagnetic leads allow the 
possibility of spin-polarized current injection and/or de¬ 
tection at the sample edgei^. 

Here, we experimentally investigate spin-polarized 
electron transport between two ferromagnetic contacts, 
placed at the edge of a two-dimensional electron sys¬ 
tem with band inversion. The system is realized in a 
narrow (8 nm) HgTe quantum well, the ferromagnetic 
side contacts are formed from a pre-magnetized permal¬ 
loy film. In zero magnetic field, we find a significant edge 
current contribution to the transport between two ferro¬ 
magnetic contacts. We experimentally demonstrate that 
this transport is sensitive to the mutual orientation of 
the magnetization directions of two 200 ^m-spaced fer¬ 


romagnetic leads. This is a direct experimental evidence 
on the spin-coherent edge transport over the macroscopic 
distances. Thus, the spin is extremely robust at the edge 
of a two-dimensional electron system with band inver¬ 
sion, confirming the helical spin-resolved nature of edge 
currents. 

Our Cdo,QzHgo, 35 Te/HgTe/Cdo. 65 Hgo. 35 Te quantum 
wells with [013] surface orientations and width d of 8- 

8.3 nm are grown by molecular beam epitaxy, see Fig. [T] 
A detailed description of the sample structure is given 
elsewher o^^d^ . Because of d above the critical value 

6.3 nm, the quantum wells are characterized by band in- 
version^i^. They contain a two-dimensional electron gas 
(2DEG) with the electron density of I.5T0^^cm“^, as ob¬ 
tained from standard magnetoresistance measurements. 
The 2DEG mobility at 4K equals to 2 ■ lO^cm^/Vs. 

A sample sketch is presented in Fig.[I](a) and (b). The 
100 ^m wide corner-shape mesa is formed by dry etch¬ 
ing (200 nm deep) in Ar plasma. We fabricate F-2DEG 
junctions by using rf sputtering to deposit 30 nm thick 
ferromagnetic permalloy Fe 2 oNi 80 stripes over the mesa 
step, with low (2-3 ^m) overlap. The stripes are formed 
by lift-off technique, and the surface is mildly cleaned 
by Ar plasma before sputtering. To avoid any 2DEG 
degradation, the sample is not heated during the sput¬ 
tering process. The reference junctions N1 and N2 and 
the source-drain contacts are obtained by thermal evap¬ 
oration of 100 nm thick Au (yellow in Fig. [1}. Without 
annealing procedure, only a side contact is possible be¬ 
tween the metallic electrode and the 2DEG edge at the 
mesa step, because of the insulating GdTe layer on the 
top of the structure. 

We use a standard two-point F-2DEG-F experimental 
configuration, realized by grounding one ferromagnetic 
lead and using another one to apply a current and to 
measure a voltage drop simultaneously, see Fig. [T] (a). 
We also study electron transport across one particular 
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FIG. 1. (Color online) Sketch of the sample (not in scale) with 
electrical connections in different experimental configurations. 
The 100 /rm wide corner-shape mesa is formed by dry etching 
(200 nm deep) in Ar plasma. Two ferromagnetic Fe 2 oNiso 
permalloy stripes (blue, FI and F2) are placed at the mesa 
step, with low (2-3 /rm) overlap. In every overlap region, a 
side F-2DEG junction is formed between the ferromagnetic 
lead and the 2DEG edge. The width of each junction is equal 
to 20 fj,m. The junctions FI and F2 are separated by the 
300 fim distance along the sample edge. Several Au stripes 
(yellow) are placed at the mesa step, to form several normal 
(N) reference junctions (only N1 and N2 are shown). We 
use a standard two-point F-2DEG-F experimental configura¬ 
tion (a), realized by grounding the ferromagnetic lead F2 and 
using FI to apply a current and to measure a voltage drop 
simultaneously. We also study electron transport across one 
particular F-2DEG junction (b): the corresponding ferromag¬ 
netic electrode is grounded (FI); a current is applied between 
it and one of the normal contacts; two other contacts trace 
the 2DEG potential to both sides of the grounded junction, 
Vf and 14, respectively. 


F-2DEG junction, see Fig. [T](b): the corresponding fer¬ 
romagnetic electrode is grounded; a current is applied 
between it and one of the normal contacts; two other 
contacts trace the 2DEG potential to both sides of the 
grounded junction, Vf and 14, respectively. 

To obtain I — V characteristics, depicted in Eig. |4l we 
sweep the dc current from -I nA to -I- 1 nA and measure 
the dc voltage in a mV range by a dc electrometer. To ob¬ 
tain dV/dI{V) characteristics in Fig.[2l this dc current is 
additionally modulated by a low ac component (0.01 nA, 
2 Hz). We measure the ac (~ dV/dl) component of the 
2DEG potential by using a lock-in with a 100 Mfl input 
preamplifier. We have checked, that the lock-in signal 
is independent of the modulation frequency in the range 
1 Hz - 6 Hz, which is defined by applied ac filters. 

The measurements are performed at a temperature 
of 30 mK. To realize a spin-polarized transporti^, the 



V (mV) 



2.5 


a 


1.5, 


§ 

■23 


0.5 


5(mT) 


V (mV) 


FIG. 2. (Golor online) (a) Two-point differential resistance 
dV/dI{V) between two ferromagnetic leads (F1-2DEG-F2 
junction) for two (normal and in-plane) permalloy magne¬ 
tizations. We observe strong and narrow deeps in differential 
resistance, placed at ±1.16 mV bias, for the permalloy film 
magnetization oriented within the 2DEG plane (blue line). 
These deeps are not seen for the normal magnetization ori¬ 
entation (green line), or if any of two ferromagnetic leads is 
changed to a normal one (N-2DEG-F configuration, dots). (b) 
The external magnetic field sharply suppresses the resistance 
deeps at B — ±25 niT. Between B = ±25 mT, dV/dI{B) 
curve demonstrates well-reproducible oscillations with a pe¬ 
riod AB « 10 mT. (c) Temperature dependence of the two- 
point dV/dI{V) F1-2DEG-F2 curve for the in-plane permalloy 
magnetization in zero magnetic field. The conductance peaks 
at ±1.16 mV bias are only weakly sensitive to the temperature 
below 1 K. 


permalloy stripes are initially pre-magnetized in the 
2DEG plane. The sample is placed within a supercon¬ 
ducting solenoid, so the initial in-plane magnetization 
can be changed to a normal one by introducing relatively 
high (above 1 T) external magnetic field. The field is 
switched to zero afterward, so most of the measurements 
are performed in zero magnetic field. Qualitatively simi¬ 
lar results are obtained from different samples in several 
cooling cycles. 

Fig. [2] (a) demonstrates two-point (see Fig. [T] (a)) F- 
2DEG-F dV/dI{y) dependencies for both (normal and 
in-plane) permalloy magnetizations. In this case, we in¬ 
vestigate in-series connected resistances of two F-2DEG 
junctions and a 2DEG region between them. The exper¬ 
imental dV/dI{V) dependencies in Fig. [5] (a) are checked 
to be invariant if we exchange FI and F2 contacts in this 
two-point configuration. Both curves are characterized 
by narrow zero-bias resistive regions and linear branches 
at higher biases. We do not see any effect of the mag¬ 
netization direction on the zero-bias resistive region in 
Fig.[l](a), however, it is sharply increased in an external 
magnetic field above 0.2 T. Thus, we should connect this 
region with a shallow potential barrier at the F-2DEG in¬ 
terface, e.g. due to the proximity magnetizationii, which 
is fully suppressed by a temperature increase above 0.3 K, 
see Fig. [11(c). 

Surprisingly, we observe sharp and narrow deeps in 
differential resistance dV/dl, placed at ±1.16 mV bias. 
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FIG. 3. (Color online) Schematic demonstration of the in¬ 
plane permalloy magnetization direction (arrows) and the 
conductive one-dimensional edge channel (red dashed line) 
for the junctions FI and F2. Because of the corner-shape 
mesa geometry, the junctions FI and F2 are characterized by 
different orientations of the permalloy magnetization and the 
2DEG edge. In the figure, the magnetization is normal to the 
edge for the junction FI, but they are parallel for the junction 
F2. 


for the permalloy film magnetization oriented within the 
2DEG plane, see Fig. [5] (a). These deeps disappear com¬ 
pletely for the normal to a 2DEG permalloy magneti¬ 
zation orientation, see Fig. [2] (a), or if any of two fer¬ 
romagnetic leads is changed to a normal one (i.e. in 
N-2DEG-F configuration). The external magnetic field 
sharply suppresses the deeps above B = ±25 mT, see 
Fig- [11(b). These dV/dl resistance deeps at ±1.16 mV 
bias are weakly sensitive to the temperature below 1 K, 
see Fig. [5] (c). 

The fact that dV/dl resistance deeps are controlled by 
the film magnetization direction, see Fig. [2] (a), and low 
external magnetic field, see Fig.|2](b), is a direct experi¬ 
mental evidence on the the spin-coherent edge transport 
over the macroscopic (about 200 /xm) distances in a two- 
dimensional electron system with band inversion. Let us 
argument this statement. 

We observe conductance peaks only for transport be¬ 
tween two ferromagnetic leads for the specific (in-plane) 
permalloy magnetization. In this case, the junctions FI 
and F2 are characterized by different (normal and par¬ 
allel, respectively) orientations of the permalloy magne¬ 
tization to the 2DEG edge, see Fig. |3l because of the 
corner-shape mesa geometry. In contrast, a normal to 
the 2DEG film magnetization is equally oriented for both 
the junctions FI and F2, but the dV/dl resistance deeps 
are not seen in this case. Also, they disappear completely 
if any of two ferromagnetic junctions is changed to a nor¬ 
mal one in Fig. [2] (a) even for the in-plane magnetization. 
Thus, we experimentally demonstrate that transport in 
the present F-2DEG-F structure is sensitive to the mu¬ 
tual orientation of the magnetization directions at two 
macroscopically-spaced F-2DEG interfaces. 

This sensitivity, however, requires spin-coherent trans¬ 
port between the junctions FI and F2. In this case, every 
F-2DEG interface is characterized by transport of spin- 


polarized electrons from the permalloy film to the 2DEG 
edge. A spin-polarized electron, emitted by the junction 
FI, should travel along the sample edge to be absorbed 
by the junction F2. Different magnetization directions of 
two junctions lead to an additional potential barrier for 
a spin-polarized electron, which does not occur for the 
equal magnetizations or for non-magnetic junction. This 
barrier is obviously affected by the applied bias, which 
should appear in dV/dI{V) characteristics. Understand¬ 
ing of the resonance-like behavior in Fig. [5] (a), however, 
requires a detailed analysis of the edge excitation spec¬ 
trum in a narrow (8 nm) HgTe quantum well. 

The spin-coherent transport can be naturally provided 
by the helical one-dimensional channel^Ti^, which consists 
from two spin-resolved counter-propagating edge modes. 
External magnetic field primary affects the helical edge 
modes, which results in destroying the spin coherence 
above B = ±25 mT even if the field is oriented in the 
permalloy film magnetization direction, see Fig. [2] (b). 
The dV/dl resistance deeps weakly depend on temper¬ 
ature below 1 K, which is also consistent with the re¬ 
ported behavior of the edge state transport in QSHE 
regimei^ Another sign of the transport coherency is the 
well-reproducible dV/dl oscillations with a constant pe¬ 
riod /S.B K, 10 mT in weak magnetic fields, which are also 
destroyed by the magnetic field above B = ±25 mT. 

It is important, that we observe spin coherent trans¬ 
port over the macroscopic distances (about 200 /xm). In 
previous experiments on the edge transport between two 
non-magnetic contacts, it has been shownii^ to be diffu¬ 
sive for distances above 10 /xm. Thus, the spin informa¬ 
tion is much more robust at the edge of a two-dimensional 
electron system with band inversion, because of helical 
nature of the edge currents. 

In HgTe quantum wells with band inversion, helical 
edge currents are mostly considered^^— in the QSHE 
state, i.e. for bulk charge-neutrality regime in zero mag¬ 
netic field. However, the edge current has been demon¬ 
strated even to coexist with the conductive bulk in HgTe 
structures by a direct visualization technique's. It re¬ 
quires a low coupling between the edges and the bulk, 
i.e. due to the electrostatic depletionSSiiS at the sam¬ 
ple edgeiS. From the continuous evolution of the edge 
current when the system is driven away from the charge- 
neutral regime, demonstrated in Ref. llOl we can assume 
that the edge current is still carried by the helical edge 
state, even for the conductive bulk. The coexistence is 
also possible from the theoretical considerationsS, in a 
crude similarity to the QH edge state transport in a dis¬ 
sipative regime between two neighbor QH plateausSS. For 
our HgTe quantum wells, the helical edge states has been 
confirmed away from the charge-neutrality regime by a 
direct calculation^!. 

In addition to the above considerations, we can experi¬ 
mentally demonstrate that the edge current is significant 
for transport to the ferromagnetic side contacts in our 
samples. Examples of/ —U characteristics are presented 
in Fig. U for transport across a single junction N-2DEG 
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FIG. 4. (Color online) Examples oi I — V characteristics for 
transport across a single N-2DEG (a) or F-2DEG (b,c) junc¬ 
tion. The curves are obtained in the experimental configura¬ 
tion depicted in Fig. [T] (b). For a reference An junction N1 
(a), Vj and 14 coincide well and reflect the resistance of the 
junction N1 in a standard three-point configuration. For the 
ferromagnetic junctions FI (b) or F2 (c), the measured I — V 
curve is crucially dependent on the mutual positions of cur¬ 
rent and voltage probes. We obtain significant signal Vf, i.e. 
for the voltage probe placed between the current and ground 
ones, but 14 is always zero. The measurements are performed 
at a temperature of 30 mK in zero magnetic field. 


(a) or F-2DEG (b,c). The I — V curves are obtained in 
the experimental configuration presented in Fig. [T] (b). 

We use a reference normal junction N1 to verify the 
experimental setup. As it is expected for a standard 
three-point technique, I — V curves coincide well for both 
potential probes Vf and 14, see Fig. S] (a). Thus, the 
measured three-point I — V curves in Fig. |4] (a) reflect 
properties of the grounded contact Nl. It is character¬ 
ized by a high resistance (about 10 Mfl), which indicates 
a significant depletion region at the 2DEG edg o^^d^ . 

In contrast, if we ground the permalloy ferromagnetic 
contact FI, the measured I — V curve is crucially de¬ 
pendent on the mutual positions of current and voltage 
probes, see Fig. H] (b). We obtain significant signal Vf, 
i.e. for the voltage probe placed between the current and 
ground ones, but 14 is always zero. Identical behavior is 
demonstrated in Fig.|3](c) for another ferromagnetic con¬ 
tact F2. We obtain the same behavior for both current 
polarities and for different current probes in Fig. [TJ so 
the observed asymmetry between Vf and 14 is not con¬ 
nected with any absolute direction in the sample. The 
asymmetry is only determined by the mutual positions 


of the current and voltage contacts with respect to the 
grounded ferromagnetic lead. 

The asymmetry of the edge potential always originates 
from a significant edge current contribution. It is obvi¬ 
ous, e.g., in the conventional QH regime in high magnetic 
fields^i^S. In the present experiment, the edge current is 
mostly flowing along the shortest (about 200 /rm length) 
edge to the ground lead, because of the helical (counter- 
propagating) edge channel nature, in contrast to the con¬ 
ventional chiral QH case^. Since the full length of the 
opposite mesa edge exceeds 2 mm (Fig.[T]is not in scale), 
there should be no edge current flowing near the poten¬ 
tial probe 14, so the asymmetry between the potentials 
Vf and 14 is of a simple geometrical origin. Thus, the 
asymmetry in Fig. 2] (b-c) is a direct experimental argu¬ 
ment that the edge current is significant for transport to 
the ferromagnetic side contacts in our samples. 

The perfect (14 = 0 for any current I) asymmetry 
observed in Fig. |4] (b-c) indicates that the grounded fer¬ 
romagnetic side contact is strongly coupled to the con¬ 
ductive helical edge channel, while the reference Au one 
in Fig. |4] (a) demonstrates a standard low-coupling be¬ 
havior. It can result from the specifically spin-dependent 
processes, like predicted in Refs. [H and [2^ We will dis¬ 
cuss this strong coupling of the permalloy side contact in 
detail elsewhere. 

In a conclusion, we experimentally investigate spin- 
polarized electron transport between two ferromagnetic 
contacts, placed at the edge of a two-dimensional electron 
system with band inversion. The system is realized in a 
narrow (8 nm) HgTe quantum well, the ferromagnetic 
side contacts are formed from a pre-magnetized permal¬ 
loy film. In zero magnetic field, we find a significant edge 
current contribution to the transport between two ferro¬ 
magnetic contacts. We experimentally demonstrate that 
this transport is sensitive to the mutual orientation of 
the magnetization directions of two 200 /xm-spaced fer¬ 
romagnetic leads. This is a direct experimental evidence 
on the spin-coherent edge transport over the macroscopic 
distances. Thus, the spin is extremely robust at the edge 
of a two-dimensional electron system with band inver¬ 
sion, confirming the helical spin-resolved nature of edge 
currents. 
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